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ABSTRACT
The development of electronic materials for storing electrical energy is a thriving research field, where the materials used in batteries, supercapacitors, and dielectric capacitors have attracted extensive interest in last decades. The dielectric capacitors showing unique characteristics
such as high power density and large charge/discharge rate have been actively studied, where the antiferroelectrics demonstrate great potentials for dielectric energy storage applications by storing and releasing energy upon a reversible electric-field induced antiferroelectric–
ferroelectric phase transition. Recently, lead-free antiferroelectric AgNbO3 has emerged as a promising candidate to substitute conventional
lead-based antiferroelectrics (such as PbZrO3) in energy storage applications. The phase transition dynamics of AgNbO3 is driven by a
complex sequence of oxygen octahedron tilting orders in addition to cation displacement, which can be effectively engineered by a doping
strategy. In this article, we present a succinct overview of the phase transition mechanisms in AgNbO3-based ceramics and describe how the
phase transition characteristics are affected by the dopants. By exploring the composition related average structure and local structural evolutions, we provide a view toward the goal of establishing a link between the phase transition and physical properties tailored for dielectric
energy storage applications.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0018373

I. INTRODUCTION
Antiferroelectricity was first defined by Kittel in 1951,1 where
the chains of cations are spontaneously polarized, but with neighboring dipoles in antiparallel directions. In this model, the net macroscopic spontaneous polarization of the crystal is zero. When it is
subjected to sufficiently high electric field, the antiferroelectric
(AFE) experiences a first-order phase transition from the antiferroelectric state to the ferroelectric (FE) state, producing a characteristic double polarization–electric field (P–E) hysteresis loop. From
the energy and structural perspectives, the antiferroelectric phase
and its corresponding ferroelectric phase are competing forms that
distort from the same high-symmetry parent phase.2 They are close
in energy and can overcome the low potential barrier in the form
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of first-order phase transition under an external electric field.3 The
antiferroelectric materials discovered by far include lead-based
compounds such as PbZrO3,4,5 PbHfO3,6 Pb(In1/2Nb1/2)O3,7 etc.,
as well as lead-free-based systems including AgNbO38–10 and
NaNbO3.11 The concept of antiferroelectricity has also been
extended to organic compounds or liquid crystals.12,13
Practically, antiferroelectrics present a unique opportunity in
the energy storage application due to the electric field-induced
phase transition.14 For dielectric capacitors, the recoverable energy
storage density can be calculated by integrating the discharge part
of the P–E hysteresis loop with respect to the Y axis, while the
energy storage efficiency is the ratio of recoverable energy density
to the total stored energy density. The phase transition with a
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double P–E hysteresis loop yields large maximum polarization and
small remnant polarization, which greatly benefit the energy
storage property and show advantage over ferroelectrics and linear
dielectrics.15,16 On the other hand, due to the increasing environmental and human health concerns about the toxicity of the lead
element, lead-free antiferroelectric materials have attracted intense
research interests where AgNbO3 is one of the most attractive candidates. Since the discovery of the characteristic double P–E loops
measured in pure polycrystalline AgNbO3,17 the energy storage
property of AgNbO3-based ceramics has become an appealing
research topic.
To increase the energy storage property of antiferroelectric
ceramics, we need high AFE–FE phase transition electric field
(enhanced antiferroelectric phase stability), high maximum polarization of the induced FE phase, and high breakdown strength. The
energy storage property of pure AgNbO3 ceramics is about 2 J/cm3,
with breakdown strength being below 200 kV/cm.8,18 Through
proper composition tuning, the breakdown strength can be
increased to above 300 kV/cm with the energy density of 4–5 J/cm3.
The promising dopants in AgNbO3-based ceramics include
Ta2O5,10 Bi2O3,19 La2O3,20 etc. In addition, the temperature stability of the energy storage property is important in practical application. A high temperature stability of energy density with variation
below 10% over the temperature range of room temperature to
150 °C has been achieved in MnO2-doped AgNbO3 ceramics.9
In this article, we survey the detailed structure of AgNbO3 and
how it is tuned by chemical modification. We briefly discuss the
basic phase transition mechanism and energy storage properties of
AgNbO3-based ceramics. First, the features of antiferroelectrics are
introduced, followed by discussion on the theoretical models of
antiferroelectric phase transitions. Then, the structure and property
of AgNbO3-based ceramics are outlined, based on which we
propose current challenges and future prospects that are worthy of
further research. Through these discussions, we attempt to draw
key points from existing references and our research results to
provide insights into this particular field.
II. PHASE TRANSITIONS OF AgNbO3
In 1980s, Pawełczyk determined the phase transition temperature and distortion form of AgNbO3 using x-ray diffraction.
The temperature-dependent phase transitions of AgNbO3
are orthorhombic M1 → orthorhombic M2 → orthorhombic
M3 → orthorhombic O → tetragonal T → cubic C, where transitions
among the M1, M2, and M3 phases do not involve significant
change in crystal symmetry and are free of thermal hysteresis.21
Kania later proposed that an additional orthorhombic phase
existed in a narrow temperature range near 360 °C, thus further
separating the O phase into O1 and O2 phases based on dielectric
and thermal measurements.22 Meanwhile, the M phase was determined to be orthorhombic phase in rhombic orientation, while the
O phase is an orthorhombic phase in parallel orientation.
Figure 1 presents the temperature-dependent dielectric
spectra of AgNbO3, where anomalies in the dielectric constant
can be observed upon phase transitions. According to the
established references, the complete temperature-dependent
phase evolution sequence upon heating is as follows:
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FIG. 1. Dielectric constant of AgNbO3 as a function of temperature. The inset
table shows the symmetry and polarity of the phases, where FIE, AFE, and PE
mean ferrielectric, antiferroelectric, and paraelectric, respectively.

67 C

267 C

353 C

387 C

579 C

M1 ! M2 ! M3 ! O (O1 , O2 ) ! T ! C. Sciau et al.23 summarized that the M, O, T, and C phases had different space groups
arising from different schemes of oxygen octahedra tilting, while
the M1, M2, and M3 phases are structurally distinguished by subtle
differences in the cation displacements based on x-ray and neutron
diffraction. Of particular importance is that the M phases, as they
have suggested, were all well described with an average structure of
the Pbcm space group.
Oxygen octahedra tilting usually occurs in the perovskites to
optimize the coordination environment of small A-site cations.
The oxygen octahedron tilting in M-phase AgNbO3 follows the
scheme of (a b c )/(a b cþ ). Successive twopin-phase
pﬃﬃﬃand two
ﬃﬃﬃ
anti-phase tilted octahedra about c axis yield a 2ac  2ac  4ac
orthorhombic lattice periodicity with respect to the pseudocubic
unit cell. The oxygen octahedron tilting schemes in O2 and
T phases are a0 b cþ and a0 b0 cþ , respectively, and the cubic
phase is free of oxygen octahedron tilting. The O1 phase only exists
in a narrow temperature range, making it difficult for structural
characterization, so the details of this phase still remain
undetermined.
The first-order M3-O phase transition leads to a jump of the
dielectric constant with the thermal hysteresis being about 15 °C.
Upon cooling, however, there is an additional anomaly near
180 °C, as marked by the arrow. It is called freezing temperature Tf,
which is associated with the dynamics of Nb5+ in the lattice. Levin
et al. have described the scenario of the formation of Tf that in the
O phase, the Nb5+ displacement distributes randomly along the
eight ⟨111⟩c directions. As the temperature decreases, the system
evolves into the M3 phase and two of the eight positions along the
orthorhombic b axis become preferred, while the occupancy of the
remaining six positions continue to decline. The Nb5+ displacements are frozen and form an antiparallel order below Tf, giving
rise to local anomaly in the dielectric spectrum.24,25
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FIG. 2. (a) P–E hysteresis loop and
(b) corresponding I–E loop of AgNbO3
showing an antiferroelectric to ferroelectric phase transition. (c) Theoretical
εr–E curve of ferroelectrics and (d)
antiferroelectrics. (e) Experimental
εr–E curve of AgNbO3.

Figures 2(a) and 2(b) present the characteristic double P–E
hysteresis loop and corresponding I (current)–E curve of AgNbO3,
where the forward and backward critical electric fields are usually
referred to as EF and EA. The shaded area in the P–E loop represents
the recoverable energy density Wrec. Although the P–E loop of
AgNbO3 exhibits an obvious character of antiferroelectricity, the
existence of non-zero remnant polarization in the hysteresis loop
suggests weak ferroelectricity, which is not theoretically compatible
to the centrosymmetric average structure described by the Pbcm
space group. Different models have been proposed to explain this
non-zero remnant polarization, including both extrinsic and intrinsic factors. Moriwake et al.26 suggested that various types of defects
such as cation disordering or Ag vacancy clustering exist in the
AgNbO3 crystals, which can be oriented by the electric field and
give rise to remnant polarization. Intrinsically, the M1 phase differs
from the M2 and M3 phases by the presence of weak ferroelectricity.
The disorder is caused by the ferrielectric structure in Pmc21 space
group,27 which means the dipoles are arranged antiparallel with different amplitudes in their polarity. The dipoles cannot cancel each
other out, resulting in net polarization. Therefore, it is summarized
that the M1 phase is ferrielectric, the M2 and M3 phases are antiferroelectric, while the O, T, and C phases are paraelectric.
The weak ferroelectricity of AgNbO3 can also be demonstrated
by measuring the electric field-dependent dielectric constant. In
general, the dielectric constant of ferroelectrics decreases with an
increasing electric field, as depicted in Fig. 2(c). Antiferroelectrics,
however, demonstrate an opposite trend. As shown in Fig. 2(d), the
dielectric constant theoretically remains constant at low electric
field, and it rises sharply near the critical phase transition point.
On further increasing the electric field, as the material transforms
into the ferroelectric state, the dielectric constant decreases with the
ferroelectric nature.28 Figure 2(e) displays the experimental εr–E
curve of AgNbO3. It is worth noting that the decrease of εr is
observed in the low-field region, confirming the weak ferroelectricity of AgNbO3 with the M1-phase.
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Figures 3(a) and 3(b) illustrate the crystal structure and schematic drawing of the cation displacements of Pbcm and Pmc21
structures, respectively. Although the ferrielectric M1 phase
(Pmc21) has a different pattern of displacement from the antiferroelectric phase (Pbcm), the difference is so subtle that it cannot be
well-resolved by conventional diffraction methods such as x-ray or
neutron diffraction. It is common that Rietveld refinements based
on these two space groups yield almost equal refinement quality.8
Thus, it is reasonable to propose different results based on different
experimental techniques. From the crystallographic viewpoint, the
Pmc21 space group is the subgroup of Pbcm, where the Pbcm space
group generally describes the average antiferroelectric structure of
AgNbO3. The two phases possess very subtle difference in the free
energy, so it is possible that they coexist at room temperature.29
The existence of both Pbcm and Pmc21 at local scale is confirmed
by high-resolution transmission electron microscopy and corresponding selected-area electron diffraction (SAED) pattern.8,30
Current research tends to support the view that the majority
content of AgNbO3 ceramics is non-polar, while the polar structure
exists at the local scale.
The stability balance of antiferroelectrics, which varies as a
function of electric field and temperature, can be understood under
the framework of the phenomenological theory. The first theoretical model for antiferroelectrics was proposed by Kittel in 1951.1 It
is a two-sublattice model where the free energy of the system is
expressed as
G(Pa , Pb , T) ¼ G0 þ f (Pa2 þ Pb2 ) þ gPa Pb þ h(Pa4 þ Pb4 ),

(1)

where Pa and Pb represent the polarizations of two sublattices and
f, g, and h are phenomenological coefficients. This equation builds
a connection between the sublattice polarization and the free
energy of the system. On this basis, by varying the coefficients, a
series of normalized electric field-dependent curves of hysteresis
loop, free energy, as well as permittivity can be deduced.31 In order

128, 070903-3

Journal of
Applied Physics

PERSPECTIVE

scitation.org/journal/jap

FIG. 3. Crystal structure of (a) Pbcm AgNbO3 and (b) Pmc21 AgNbO3. Gray and red balls represent Ag and Nb atoms, respectively. The O atom is omitted for clarity. The
gray and red arrows represent the displacements of Ag and Nb atoms from their undistorted position.

to give a clear connection between the state of the system and the
corresponding order parameter, the free energy can be written in a
more intuitional manner,32
1
1
P2 1 2 2
G(η, P, T) ¼ G0 (T) þ αη2 þ βη4 þ
þ δη P  EP,
2
4
2χ 0 2

(2)

where α ¼ a(T  Tc), δ > 0 is the coupling coefficient; η and P are
order parameters of the antiferroelectric and the ferroelectric
phases, respectively, the coupling of the η2 P2 type reflects the
feature of phase transitions to occur in materials that have no stable
polar phase at zero electric fields; χ 0 is the permittivity of the paraelectric phase; and E is the external electric field. The coefficient β
is positive for second-order phase transitions and negative for firstorder phase transitions. For simplicity, formula (2) is truncated at
the fourth order with respect to the second-order
paraelectric-antiferroelectric phase transition. (For the first-order
antiferroelectric phase transition, the sixth order terms need to be
included in the equation.) By minimizing the free energy with
@G
respect to the order parameter (@G
@η ¼ 0; @P ¼ 0), the stable condition of the system can be derived,
η(α þ βη2 þ δP2 ) ¼ 0,

(3)

P(1 þ δχ 0 η2 ) ¼ χ 0 E:

(4)

When E = 0, two phases are stable: the paraelectric (PE) phase
(P = 0, η = 0) and the antiferroelectric (AFE) phase (P = 0, η ≠ 0).
For E ≠ 0, the ferroelectric (FE) phase (P ≠ 0, η = 0) and the ferrielectric (FIE) phase (P ≠ 0, η ≠ 0) are stable. The essential difference between this model and the two-sublattice model is that there
is no FE phase at E = 0, and the appearance of the FE phase is an
electric field induced effect. Deduced from this model, the theoretical temperature-electric field phase diagram is depicted in Fig. 4.
It can be seen from Fig. 4 that for T0 < T < Tc, when the electric field is relatively small, the AFE phase transforms to the FIE
phase. With increasing the electric field, the FIE phase transforms
continuously to the FE phase, where the critical temperature is
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T0 ¼ Tc 

β
:
2δaχ0

(5)

For T < T0, the FIE–FE transition becomes discontinuous.
Experimentally, a double hysteresis can be observed upon this
phase transition. There exists a region where the FIE and the FE
phases coexist. The boundary of this region is confined by the
following condition:
 2 2
@2G @2G
@ G


¼ 0,
@η2 @P2
@η@P

(6)





3δ 3 4
4αδ 1
αδ 1
P2 þ α
¼ 0:


P þδ
β
χ0
β
χ0
β

(7)

which yields

FIG. 4. Theoretical temperature–electric field phase diagram of antiferroelectrics
derived from formula (2).
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The real root of this quartic equation gives two positive P
values, which correspond to the two values of the electric field,
namely, EF and EA. Therefore, EA and EF denote the stability limit
of the FIE phase and FE phase, respectively. Specifically, EA represents the lower limit that the FE phase can exist. By substituting
η ¼ 0 into formula (6), we can get a simple expression of EA,
EA ¼ +

1  α1/2

:
χ0
δ

(8)

It can be easily obtained from formula (8) that the decrease in
the permittivity χ0 of the corresponding paraelectric phase is favorable for an increased critical electric field EA. This conclusion well
explains the observations in Ta-doped AgNbO3 and can also be
extended to other AgNbO3-based systems including those doped
with Bi2O3, La2O3, and Sm2O3. A detailed discussion can be found
in our collaborated work.33
In addition to sudden polarization switching, the antiferroelectric–ferroelectric phase transition is also concomitant with an
abrupt volume change. It was reported that in polycrystalline
AgNbO3, the electric field-induced strain reached to about 0.15%
under 220 kV/cm.17 Microscopically, the strain is related to the
dimension change of the unit cell. Such strains induced by phase
transition increase the breakdown probability and are not favorable
if the ceramics are to be stacked in multilayer ceramic capacitors
(MLCCs). Thus, relaxor antiferroelectric was studied, analogous to
relaxor ferroelectrics, where the relaxor component was introduced
in AFE to interrupt the long-range AFE ordering and smear the
AFE–FE phase transition, being expected to decrease the phase
transition induced strain.34 More recently, the enlightening work
by Li et al.35 proposed another potential solution to this issue,
where a substantially lowered strain is obtained in ⟨111⟩-textured
Na0.5 Bi0.5TiO3-Sr0.7Bi0.2TiO3 (NBT-SBT) ceramics because this
crystallographic direction shows the minimum electrostrictive coefficient compared with other directions, thus greatly reduced electrostrictive strain. It is reasonable to assume that the similar
schemes may also help to mitigate the abrupt volume change in
AgNbO3.
The soft mode theory is a powerful tool to understand the
phase transition from a perspective of lattice dynamics. Generally,
ferroelectric/antiferroelectric transitions may be treated as the result
of instability for a certain normal mode of vibration.36 As the temperature approaches the transition temperature, the instability
decreases the vibration frequency toward zero; meanwhile, the
restoring force that sustains the mode approaches zero. At transition temperature, the restoring force vanishes and displacement of
ions forms, leading to structural phase transition. The study of
lattice dynamics helps us understand the stability of the antiferroelectric phase and the origin of antiferroelectricity.37
Comprehensive discussions of the soft mode theory can be found
in relevant monograph.36,38
III. DOPING AND STRCTURE ENGINEERING
In this section, we intend to discuss the composition and
structural engineering of AgNbO3, focusing on the effect of doping
on its energy storage characteristics. Prior to which, the
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performance of lead-based antiferroelectrics and lead-free NaNbO3
is briefly introduced for a comprehensive view. For pure PbZrO3
ceramics, the critical phase transition electric field exceeds its
breakdown strength; thus, the double hysteresis loop cannot be
observed under ambient condition. The doping of La and Ti
can appropriately reduce the critical electric field, where the
(Pb,La)(Zr,Ti)O3 (PLZT) solid solution is one of the most actively
studied lead-based systems. Energy density of 3.04 J/cm3 with a
high efficiency of 92% was reported in (Pb0.88La0.08)(Zr0.91Ti0.09)O3
ceramics.39 With further optimization of the composition and the
improvement in the synthetic methods, energy density above
10 J/cm3 can be achieved. For example, using the tape-casting
method, high energy density of 11 J/cm3 has been obtained in
(Pb0.94La0.02Sr0.04)(Zr0.9Sn0.1)0.995O3 ceramics.40 On the other hand,
the optimized energy density of lead-free NaNbO3-based ceramics
was generally achieved in the system with a relaxor-like behavior.
Take the composition of 0.76NaNbO3-0.24(Bi0.5Na0.5)TiO3, for
example,41 the dielectric constant deviates largely from that of pure
NaNbO3 and exhibits an obvious frequency dispersion characteristic. The domain size is reduced to nano-scale; thus, a slim hysteresis loop with minimal hysteresis can be achieved. Benefitting from
the relaxor-like feature, high energy storage density of 12.2 J/cm3
and energy efficiency of 69% were reported.
In practice, chemical doping serves as an effective method to
optimize the energy storage property of antiferroelectrics. The
oxide dopants with high melting point are generally effective in
decreasing the grain size of the ceramic samples, which gives rise to
high breakdown strength due to increased high resistivity grain
boundaries. For example, in the AgNbO3-based system, by substituting B-site Nb5+ element with Ta5+, the average grain size of the
ceramics is reduced from 50 μm to 2.5 μm, and accordingly, the
breakdown strength is increased from 175 kV/cm to 240 kV/cm.10
On the other hand, in La-doped AgNbO3, antiferroelectric phase
stability is enhanced with greatly increased EA and EF.20 Due to the
synergistic contributions of increased breakdown strength and the
enhanced critical phase transition electric field, the energy density
of the modified AgNbO3-based ceramics can be optimized, being
above 4 J/cm3, which prevails over conventional linear dielectrics
and ferroelectrics. Some of the representative values of energy
storage density are listed in Table I.8–10,18–20,42–47
The cation displacement of pure AgNbO3 has been confirmed
by direct atomic-scale observation.30 According to the highresolution TEM observation of pure AgNbO3, the characteristic
antiparallel cation displacement is along two opposite ±[1–10]c
directions, and the maximum cation displacement is about 13 pm.
It is worth mentioning that, unlike the average displacement
pattern, the local displacement of Nb is found to be along the
direction of [11 ± l]c (l ≤ 1), which means that there is an additional component of local displacements in the [001]c direction.
These displacements are correlated along the –Nb–O–Nb– chain,
yielding an average [110]c displacement pattern.25
Meanwhile, various methods have been employed to detect
the structural evolution in doped AgNbO3. According to the refinement result of neutron diffraction data of La-doped AgNbO3, the
distortion index that characterizes the antiparallel displacement of
Ag+ and Nb5+ ion gradually decreases with increasing doping
content. Similar trends hold for Sm-doped AgNbO3, as observed
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TABLE I. Energy storage properties of representative AgNbO3-based ceramics.

Composition

Modification type

Highest Wrec (J/cm3) at rt

Efficiency η (%) at rt

Reference

AgNbO3
AgNbO3−x wt. % MnO2
AgNbO3−x wt. % WO3
Ag1−3xBixNbO3
Ag1−3xLaxNbO3
Ag1−3xGdxNbO3
Ag1−3xSmxNbO3
AgNb0.85Ta0.15O3
(1 − x)AgNbO3–xBi(Zn2/3Nb1/3)O3
(SmxAg1−3x)(Nb0.9Ta0.1)O3

Pure
Sintering aid
Sintering aid
A-site doping
A-site doping
A-site doping
A-site doping
B-site doping
A/B-site co-doping
A/B-site co-doping

∼2.0
2.5
3.3
3.0
4.4
4.5
5.2
4.2
4.6
4.9

46
52
50
55
73
64
69
69
58
60

8 and 18
9
42
19
20
43
44 and 45
10
46
47

by electron diffraction patterns in transmission electron microscopy
(TEM), the intensity of the 1/4 (00l) superlattice reflection that features the off-center displacement of cations was drastically reduced
compared with pure AgNbO3.45 According to our experimental
results, A-site La and Sm dopants in AgNbO3 exhibit a similar
effect on structural distortion with increasing temperature. This
trend is understandable given that rare-earth elements (such as La
and Sm) are generally believed to contribute less to ferroelectric
displacements and are likely to suppress lattice distortions.48,49
Nonetheless some of the rare-earth elements have been proved
effective to enhance the antiferroelectric phase stability in AgNbO3,
they almost inevitably reduce the maximum polarization in the
field-induced ferroelectric phase, as the cation off-center displacement is suppressed by doping.20,45 The basic idea of mitigating the
adverse effect of rare-earth dopants is to induce large cation displacement, which, in principle, can be achieved by introducing the
dopant with lone-pair electrons or the element with larger covalent
characteristics. Furthermore, high breakdown strength is demanded
since electric field-induced polarization grows with an increasing
electric field applied prior to its saturation, while the energy
density is proportional to the square of the applied electric field.
This requires high-quality ceramics with fine grains and high bulk
density with minimal porosity.
The structure engineering requires the consideration of
the geometric stability of the perovskite structure, which is
generally expressed
pﬃﬃﬃ by the Goldschmidt tolerance factor as
t ¼ (RA þ RO )/ 2(RB þ RO ), where RA, RB, and RO are the ionic
radii of A-site, B-site, and oxygen ion, respectively. In principle,
t ¼ 1 denotes the ideal perovskite structure; when t . 1, the
B-site cation is too small for its site, favoring the displacement of
the cation and gives rise to ferroelectricity. As t decreases from
unity, the driving force for the oxygen octahedra tilting increases,
and it is generally accepted that the antiferroelectric phase is stabilized by decreasing t. The existence of a covalent bond makes the
distance between the cations and anions deviates from the sum of
their ionic radii, so the pexpression
of the tolerance factor can be
ﬃﬃﬃ
modified as t ¼ RAO / 2(RBO ),50 where RA−O and RB−O are
A−O and B−O bond lengths, respectively.
The tolerance factor has served as a generic geometric indicator for determining the structure distortion of perovskite structure
compounds. However, inaccuracy gradually surfaces, especially, for
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emerging new compounds containing heavy halides.51 Its accuracy
in some of the AgNbO3-based systems appears doubtful as well.
For example, Ta-doped AgNbO3 demonstrates enhanced antiferroelectric phase stability compared with its pure counterpart, while
Ta5+ and Nb5+ have the same ionic radius, suggesting that the tolerance factor remains unchanged after doping. For La- and
Sm-doped AgNbO3, the situation becomes more complicated
because the tolerance factor decreases with the increasing doping
content. As obtained from the structural refinement result, the
lattice parameter c gradually increases as the doping content
increases, offering more space for the chain of oxygen octahedra to
stretch along the axis. Compared with La-doped AgNbO3, however,
the extension of Sm-doped ones becomes less obvious because the
smaller Sm3+ ion provides more driving force for octahedra tilting.
These examples reveal that it would be doubtful to determine the
compositional trend of doped AgNbO3 solely on a single empirical
parameter. Rather, it should be considered that there exists a competitive effect between the non-ferroelectric effect of the rare-earth
dopant and the decreased tolerance factor in determining the
stability of the AgNbO3 system.
In contrast, the tolerance factor standard seems to be more
effective in determining the phase stability of NaNbO3. It has been
proved that CaZrO3 and SrZrO3 alloying with NaNbO3 will reduce
the tolerance factor and stabilize the antiferroelectric phase stability.52 Part of the reason is that NaNbO3 has a stronger ionic characteristic (especially, compared with AgNbO3), so the ionic radii used
in the calculation of the tolerance factor fit better the Na–O bond
length. As pointed out by Bartel et al.,51 one key aspect of the effectiveness of the tolerance factor lies in the degree to which the sum
of ionic radii estimates the interatomic bond distances of a given
structure. With the development of a computational method and
the discovery of new compounds, the understanding of the stability
of the perovskite family will deepen in the near future.
IV. REMAINING CHALLENGES AND PERSPECTIVES
Compared with the research of lead-based counterparts, the
research of AgNbO3-based antiferroelectrics is still at the nascent
stage. Despite the progress with regard to the property enhancement and structure characterization, experimental and theoretical
challenges still exist. Taking the fabrication process, for example,
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silver oxide is light- and heat- sensitive and decomposes above
200 °C;53 hence, the sintering of AgNbO3-based ceramics must be
carried out in oxygen atmosphere. Nevertheless, nano-sized silver
particles are present in the ceramic matrix as observed by TEM,54
which deteriorate the resistance of the ceramics and degrade the
stability of relevant devices.55 Therefore, new reliable and costeffective methods that can be employed to mitigate decomposition
and broaden the sintering (crystallization) temperature range are
highly demanded in future research. Apart from the existing problems, there are also some challenges yet to be explored, which
include, but not limited to,
(i) the discrepancy between the local structure and the average
structure of AgNbO3. The local structure generally means the
short-range structure within multiple (up to 10’s of ) unit cells,
deviating from the long-range crystallographic symmetry. Although
the structural refinement based on the Pbcm space group gives a
good fit of the average structure, its availability to describe the local
structure remains questionable. Considering the long-standing controversy about the room-temperature structure of AgNbO3, the
study on the local structure of AgNbO3 is of particular fundamental importance. For its antiferroelectric analog NaNbO3, it has been
discovered that the Pbcm structure is only suitable for long-range
symmetry, while the short-range structure can be correctly
described by another symmetry, R3c space group.56 The nanotwined structures in the R3c space group are aligned in antiparallel
directions, resulting in the long-range Pbcm symmetry. NaNbO3 is
analogous to AgNbO3 in terms of antiferroelectricity and the
crystal structure, so the local-average correlation in AgNbO3 will
follow a similar scenario.
In this respect, short-range-sensitive characterization methods like
pair distribution function (PDF) combined with computational
methods such as reverse Monte Carlo (RMC) modelling can serve
as a powerful tool.57,58 In contrast to the conventional diffraction
analysis methods such as Rietveld refinement, PDF is obtained
from the Fourier transformation of the total scattering signals
including both Bragg peaks and diffuse scattering components and
directly provides real spatial information about interatomic distances. Moreover, based on the total scattering function and PDF
of the big-box models (i.e., containing many standard unit cells)
and fitting it to experimental data, the RMC method can fully
reveal the short-range correlated structural features including polar
nano-regions, defect clustering, etc. By combining both the shortrange and long-range information, we can bridge the structure of
AgNbO3 at different length scales and understand how its functionality is coupled to the microstructure.
(ii) The dynamics of phase transition in AgNbO3. For lead-based
antiferroelectrics, numerous efforts have been made to model the
phase transition process, ranging from the computational approach
to the in situ diffraction method.59–62 The kinetics model of phase
transition for AgNbO3 will also be of future interest. Moriwake
et al. investigated the polarization switching mechanism using firstprinciples molecular dynamics (FPMD) simulations,63 observing
that Nb5+ ions follow a curved track within the equatorial plane of
NbO6 octahedron during polarization switching, while local polarization switching happens in the direction parallel to the short axes
of the oxygen octahedron. These results reveal the anisotropy in
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polarization and give a clear description of the dynamic process
during polarization switching.
(iii) The development of new AgNbO3-based materials including
thin films, single crystals,64–66 or nano-structures. Needless to say,
one of the major requirements for obtaining high-quality
AgNbO3-based compounds is to suppress the decomposition of
silver oxide. Already, some interesting facts have been found in Ag
(Nb, Ta)O3 thin films. Ferroelectricity was confirmed in the
AgTa0.38Nb0.62O3 thin film and its phase transition temperatures
differed from that of bulk ceramics.67 It is interesting to note that
the epitaxial AgTa0.5Nb0.5O3 thin films demonstrated similar
oxygen octahedra rotations with those observed in the bulk, while
the average off-center B-cation displacements were significantly
reduced.68 Obviously, the stress and the interfacial effect in thin
films may induce emerging phenomena that cannot be detected in
bulks. Of particular importance is that nano-structures with unique
electrical and optical properties will also extend the applications of
AgNbO3-based functional materials
V. SUMMARY
The phase stability of antiferroelectrics is subject to electric
field and temperature, which can be understood under the framework of the phenomenological model. The essential structural
factors for phase transition of AgNbO3 involve cation displacement
and oxygen octahedra tilting. The structure of the roomtemperature M1 phase belongs to the Pmc21 space group, differing
from the average antiferroelectric structure of M2 and M3 phases in
the Pbcm space group. The antiferroelectric Pbcm and ferrielectric
Pmc21 space groups are structurally and energetically close to each
other, and the coexistence of the two structures is one of the
reasons for weak ferroelectricity of M1-phased AgNbO3. The
microstructure of AgNbO3 can be properly engineered through
chemical modification, which is expected to greatly benefit the
energy storage property. In the analysis of the structural evolution
trend of doped-AgNbO3 systems, the combination of both geometrical and physical factors should be taken into account. With established knowledge obtained from the structural research and
property enhancement, further experimental and theoretical studies
on AgNbO3-based antiferroelectrics are expected to enable new
possibilities in efficient and green energy storage applications.
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